Recently, the biggest challenge in the treatment of breast cancer is the metastasis of breast cancer cells. Multiple myeloma SET protein (MMSET), a histone lysine methyltransferase, overexpressed in various human cancers, was reported to be associated with carcinogenesis of human cancers. Methods: Expression of MMSET in breast cancer cell lines and tissues was quantified by real-time PCR and Western blotting. Immunohistochemistry was employed to analyze MMSET expression in 163 clinicopathologically characterized breast cancer cases. Cell functional assays such as MTT assay, colony formation, BrdU assay, flow cytometry, wound healing, Transwell assay, and 3D culture were used to investigate the effect of MMSET in the development and metastasis of human breast cancer. Effects of MMSET on Wnt/β-catenin signaling pathway were further studied by using Western blotting analysis. Results: Our results showed that MMSET expression was markedly overexpressed in breast cancer cells and clinical specimens and was significantly correlated with patients' clinicopathologic characteristics and prognosis. Moreover, silencing endogenous MMSET significantly inhibited the proliferation, migration, and metastasis of breast cancer cells through inhibiting the Wnt/β-catenin pathway. Conclusion: This study found that the downregulated expression of MMSET impaired proliferation and metastasis of human breast cancer through inhibiting Wnt/β-catenin signaling pathway. Notably, our results indicated that MMSET could be a useful biomarker for the prognosis of breast cancer.
Introduction
Breast cancer is one of the most common cancers and the main causes of death in women. It is a heterogeneous disease presenting variable histopathological and biological characteristics, different clinical outcomes, and responses to systemic interventions.
1,2 Therefore, there is a need for sophisticated classification systems for this disease, which is clinically practical, easily applicable, and widely reproducible. Currently, there are many methods to classify breast cancer, but no "perfect" classification system has yet been defined. Molecular classification reflecting cellular biomarkers has been used for therapy and prognosis which can be detected by immunohistochemistry. 3, 4 Understanding the role of key biomarkers in carcinogenesis and in diagnosis will be critical for the treatment of breast cancer. Therefore, it is of great clinical value to further understand the use of critical biomarkers for diagnosis and treatment, to find valuable critical markers as well as novel therapeutic strategies. 
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Multiple myeloma SET protein (MMSET) belongs to a family of nuclear receptor SET domain (NSD) proteins, whose members encoding lysine methyltransferase activity are overexpressed in many cancer cells. 5 In recent studies, the specificity of NSD proteins was diverse, Kuo et al 26 reported that MMSET significantly catalyzes the methylation of histone H3K36 in Hela cells, and Ezponda et al 6 found that overexpression of MMSET predominantly catalyzes the methylation of H3K36me2 and H3K27me3 in prostate cancer, which correlates with changes in the morphology of prostatic epithelial cells and promotes migration and invasion of prostate cancer. 7 Furthermore, overexpression of MMSET leads to t(4;14)(p16;q32) chromosomal translocation, which is cumulatively present in ~15% of multiple myeloma patients. 8 In addition, MMSET is also overexpressed in many solid tumor tissues including gastric cancer, and hepatocellular carcinoma. Chesi et al found that MMSET overexpression may be involved in tumor progression and poor prognosis of gastric cancer patients. 9 Zhou et al reported that overexpression of MMSET is an independent prognostic factor and is correlated with the worst prognosis and shorter overall survival (OS) time in hepatocellular carcinoma. 10 Toyokawa et al have shown that MMSET interacts with Wnt/β-catenin signaling pathway to activate the carcinogenesis of lung cancer. 11 Yang et al found that MMSET promotes cancer cell proliferation, survival, and tumor growth via a feed-forward loop through activating the NF-κB signaling pathway. 12 Therefore, it is possible that the MMSET exerts a role in the proliferation and metastasis of breast cancer by interacting with the Wnt/β-catenin signaling pathway. These reports indicate that MMSET may be involved in pathogenesis and progression of various cancers; however, clinicopathologic features, function, and mechanism of MMSET in human breast cancer remained to be elucidated.
In the present study, we reported for the first time that the expression of MMSET was upregulated in breast cancer cells and tissues and their correlation with clinicopathologic grading. Importantly, our results indicated that the expression of MMSET was correlated with clinical staging, T classification, N classification, and M classification of the disease. Multivariate analysis revealed that MMSET was an independent predictor for poor survival of breast cancer. Furthermore, we also demonstrated that knockdown of MMSET significantly reduced the proliferation and metastasis of breast cancer cells. Mechanistically, downregulation of MMSET remarkably inhibited Wnt/β-catenin signaling pathway. Collectively, these findings suggested that MMSET played a significant role in human breast cancer progression and pathogenesis and might be a potentially promising biomarker for predicting the prognosis of patients with breast cancer. 
Materials and methods
Patient information and tissue samples
Plasmids and sirna transfection
The open reading frames of MMSET and β-catenin were cloned into the mammalian expression vector pcDNA 3.1 (Thermo Fisher Scientific), and pcDNA3 vector as the control. The MMSET siRNA sequence used was 5′-AGGGATCGGAA GAGTCTTCAA-3′, and control siRNA sequence used was 5′-UAACGACGCGACGACGUAATT-3′. 13 All the siRNAs were purchased from RiboBio Co., Ltd (Guangzhou, China). Transfection of plasmids or siRNA was performed using Lipofectamine 2000 reagent (Thermo Fisher Scientific) according to the manufacturer's instructions. rna extraction, reverse transcription (rT) Pcr, and real-time Pcr
Total RNA from cultured cells was extracted using the Trizol reagent (Thermo Fisher Scientific) as per the manufacturer's instruction. cDNAs were amplified and quantified in ABI Prism 7500 Sequence Detection System (Thermo submit your manuscript | www.dovepress.com
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Zhao et al Fisher Scientific) using dye SYBR Green I (Thermo Fisher Scientific). The primers were selected as the following: MMSET (forward: 5′-GTGGTAGCTGAGCACCCAGAT-3′ and reverse: 5′-CAGAGTCTTCTTCAGCCTGGA-3′); expression data were normalized to the geometric mean of housekeeping gene GAPDH (forward: 5′-ACCACAGTC CATGCCATCAC-3′ and reverse: 5′-TCCACCACCCTG TTGCTGTA-3′) to control the variability in expression levels and calculated as 2-[(Ct of gene) -(Ct of GAPDH)], where Ct represents the threshold cycle for each transcript.
Western blotting
Western blotting was performed according to standard methods as described previously, 14 using anti-MMSET antibody (1:1,000; Abcam, Cambridge, UK), anti-p-GSK3β (Ser9) (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-GSK3β (1:1,000; Cell Signaling), anti-β-catenin (1:1,000; Cell Signaling), anti-Cyclin D1 (1:2,000; Cell Signaling), and anti-MMP9 (1:1,000; Cell Signaling). Anti-α-tubulin (1:5,000; Cell Signaling) was used as the loading control.
MTT cell viability assay
Cells were seeded in 96-well plates at a density of 2×10 3 cells/well. At each time point, cells were stained with 100 µL sterile MTT dye (0.5 mg/mL; Sigma-Aldrich Co., St Louis, MO, USA) for 4 hours at 37°C, followed by removal of the culture medium and addition of 100 µL of dimethyl sulfoxide (Sigma-Aldrich Co.). The absorbance was measured at 570 nm, with 655 nm as the reference wavelength. Each experiment was performed in triplicates.
colony formation assay
Cells were plated in six-well plates (5×10 2 cells per well) and cultured for 10 days. The colonies were stained with 1% crystal violet for 30 seconds after fixation with 4% formaldehyde for 5 minutes. Colonies were counted, and results were shown as the fold change compared to siControl cells.
Bromodeoxyuridine (BrdU) labeling and immunofluorescence
Cells (5×10 4 ) were plated on coverslips (Thermo Fisher Scientific). After 24 hours, the cells were incubated with BrdU for 1 hour and stained with anti-BrdU antibody (Upstate, Billerica, MA, USA) according to the manufacturer's instruction. BrdU-positive cells were counted under a laser scanning microscope (Carl Zeiss Meditech AG, Jena, Germany) in ten randomly chosen fields from three independent samples, and the results were presented as mean ± SD.
Flow cytometry
Briefly, cells were harvested and fixed in 75% ethanol, stained with propidium iodide (50 µg/mL), and analyzed using a CytoFLEX (Beckman Coulter, Brea, CA, USA). The cell cycle distribution was assessed using ModFit.
Wound healing, cell migration assays
Indicated cells were plated to confluence in six-well plates. Streaks were created in the monolayer with a pipette tip. Progression of migration was observed and photographed at 0, 12, and 24 hours after wounding. ImageJ software was used to quantify the wound healing area of the indicated cells. Cell migration assays were conducted as previously reported. 15 
3D spheroid invasion assay
The cells were trypsinized and indicated cells (5×10 3 ) were seeded on 2% Matrigel-coated 24-well plates, the medium was refreshed every other day. Cells forming a 3D spherical structure (spheres) were photographed at 2-day intervals for 10 days.
statistical analysis
All statistical analyses were carried out using the SPSS 16.0 statistical software packages. The relationship between MMSET expression and clinicopathologic characteristics was analyzed by the chi-squared test. Survival curves were plotted by the Kaplan-Meier method and compared using the log-rank test. Univariate and multivariate analyses for the potential prognostic factors and the OS were conducted using the Cox proportional hazards regression analysis.
Results
MMseT was upregulated in breast cancer and correlated with progression and poor prognosis of breast cancer patients
To determine the potential role of MMSET in breast cancer, we first measured MMSET expression, and the results showed that MMSET mRNA and protein expression were markedly upregulated in all the tested breast cancer cell lines compared with non-tumorigenic epithelial cell line (MCF-10a) ( Figure 1A and B) . Consistently, we found that MMSET expression was higher in six human breast cancer tissues than in their paired adjacent non-tumor tissues ( Figures 1C  and S1 ). These results indicated that MMSET expression was upregulated in breast cancer. To investigate the relationship between MMSET expression and the clinicopathological features in breast cancer, the tissue samples of 163 cases of human breast cancer were analyzed by immunohistochemical submit your manuscript | www.dovepress.com
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Zhao et al analysis. These results indicated that MMSET was markedly upregulated in the breast cancer samples ( Figure 1D ). Statistical analysis further revealed that MMSET expression was strongly associated with the clinical stage (P,0.01) and TNM classification (P,0.01) ( Table 1) . Kaplan-Meier survival curves and the log-rank test showed that MMSET expression was significantly negatively correlated with the OS of breast cancer patients (P,0.01; Figure 1E ). Similar results were obtained from patients in clinical stage I-II and III-IV subgroups ( Figure S2) . Furthermore, quantitative analysis indicated that the MODs of MMSET staining in clinical stage I-IV primary tumors were significantly higher than those in normal breast tissues (P,0.01; Figure 1F ). Moreover, univariate and multivariate analyses indicated that clinical stage, TNM classification, and MMSET expression were independent prognostic factors for the patients ( Table 2 ), suggesting that MMSET might be a predictive biomarker for disease outcome in breast cancer patients.
MMseT promoted the proliferation and regulated the g1-s phase transition of breast cancer cells
Given its high levels of MMSET expression in breast cancer cells, we first examined the role of MMSET in breast cancer cell proliferation and G1-S phase transition. ZR-75-30 and MDA-MB-231 cells were transfected with siRNAs targeting MMSET. As shown in Figure 2A , MMSET expression was markedly downregulated after siMMSET transfection. 
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Zhao et al MTT and colony formation assays indicated that the proliferation of these two breast cancer cell lines was dramatically inhibited after siMMSET transfection ( Figure 2B and C).
To further examine the mechanisms of MMSET in stimulation of breast cancer cell proliferation, BrdU incorporation and flow cytometry assays were performed. As shown in Figure 2D and E, silencing MMSET reduced the percentage of S phase cells. In conclusion, our results indicated that MMSET played a critical role in the proliferation and G1-S cell cycle transition of breast cancer cells.
MMseT silencing reduced migration and metastasis of breast cancer cells
To determine the migratory ability of breast cancer cells, wound healing assay was performed and results were shown in Figure 3A . The migration rate of ZR-75-30 and MDA-MB-231 cells at 12 and 24 hours post-scratching was significantly restrained by siMMSET transfection. In addition, Transwell assay without matrigel showed that MMSET silencing drastically inhibited the migration of breast cancer cell lines ( Figure 3B ). Furthermore, in 3D 
effects of silenced MMseT expression on Wnt/β-catenin signaling pathway in breast cancer
Since Wnt/β-catenin signaling pathway participates in the proliferation, migration, and metastasis of cancer cells, 16 we further focused on the role of MMSET in the regulation of Wnt/β-catenin signaling pathway. Western blotting assay showed that the protein level of p-GSK3β and β-catenin level were strikingly reduced after MMSET silencing in breast cancer cells ( Figure 5A ). Moreover, the protein levels of cyclinD1 and MMP9, downstream genes of Wnt/β-catenin pathway, were also significantly decreased by knockdown of MMSET in breast cancer cells. To demonstrate the roles of Wnt/β-catenin signaling, β-catenin was forced expressed in MMSET silencing breast cancer cells, and the malignancies were determined. As presented in Figure 5B , the decrease in MMSET-silenced cells' viability was reversed by the overexpression of β-catenin in breast cancer cells. In addition, transwell assays without matrigel results showed that MMSET siRNA-transduced decline of migratory ability of breast cancer cells was abolished by β-catenin overexpression ( Figure 5C ). In summary, our results dedicated that downregulation of MMSET impairs breast cancer proliferation and metastasis through inhibiting Wnt/β-catenin signaling.
Discussion
In the present study, we first confirmed that MMSET was remarkably upregulated in breast cancer cell lines and tissues, and it was significantly associated with aggressive stages and unfavorable prognosis of breast cancer patients. 
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Zhao et al By Kaplan-Meier survival curve analysis, we found that the OS time of patients with MMSET high expression was significantly shorter than that of MMSET low expression patients. In particular, the expression of MMSET was significantly associated with shorter OS of patients with stage III/IV breast cancer. Furthermore, we found that MMSET could be an independent prognostic factor for the OS of breast cancer patients, indicated by multivariate Cox regression analysis. Our study suggested that overexpression of MMSET was a common feature in breast cancer and might represent a novel predictive marker for the clinical outcome of the disease. Epigenetic mechanisms are related to various pathologies such as cancer, cardiovascular diseases, and autoimmune diseases. 17 The methylation of histone lysine plays a pivotal role in epigenetic regulation and human carcinogenesis, and the mechanisms need to be investigated further. Studies have shown that the NSD family of HMTases are oncogenes aberrantly expressed in various cancers, suggesting their potential function to serve as novel therapeutic targets. 18 The oncogenic 
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Zhao et al role of MMSET was first reported in multiple myeloma and found that MMSET was overexpressed and was associated with poor prognosis of multiple myeloma. 19 Recently, numerous studies indicated that MMSET was overexpressed, amplified, or somatically mutated in multiple types of cancer, suggesting its critical role in the development of cancer. 20 In this study, we demonstrated that MMSET was both necessary and sufficient to promote proliferation, migration, and metastasis of breast cancer progression. In combination with prior findings, our data supported the hypothesis that MMSET plays an important role in tumorigenesis and metastasis in multiple tumor types.
Wnt/β-catenin signaling pathway has been recognized to take part in tumorigenesis in osteoblasts. 21 The β-catenin could be kept in cytoplasm at low level via the enzyme GSK3β-mediated destruction, in the absence of Wnt protein. 22 However, when Wnt binds to its receptor, β-catenin escapes from degradation and accumulates in cytoplasm and then enters into nucleus to activate target genes, such as cyclin D1 and MMP9. 23 The activation of Wnt/β-catenin signaling pathway confers carcinogenesis and metastasis of multiple tumors. 24 Wnt/β-catenin signaling is activated in breast cancer, and the inhibition of Wnt/β-catenin signaling suppresses the proliferation of breast cancer cells. 25 In this study, the expression levels of p-GSK3β, β-catenin, and the target protein cyclin D1 and MMP9 were significantly decreased by the downregulation of MMSET in breast cancer cells, and the MMSET-reduced malignant phenotypes were regained after the overexpression of β-catenin.
In conclusion, our study demonstrated that downregulation of MMSET could impair the proliferation and metastasis of breast cancer through inhibiting Wnt/β-catenin signaling pathway. In addition, our results suggest a potential role for MMSET as a clinically independent risk prognostic factor of disease progression, prognosis, and survival in breast cancer patients. Therefore, it is worthwhile to assess the molecular diagnostic ability of MMSET in breast cancer.
